1 The aim of this work was to evaluate the role of leukotrienes in brain damage in vivo in a model of focal cerebral ischaemia in the rat, obtained by permanent occlusion of middle cerebral artery. 2 A signi®cant (P50.01) elevation of LTC 4 , LTD 4 and LTE 4 (cysteinyl-leukotrienes) levels occurred 4 h after ischaemia induction in the ipsilateral cortices of ischaemic compared to shamoperated animals (3998+475 and 897+170 fmol g 71 tissue, respectively, P50.01). 3 The NMDA receptor antagonist MK-801 and the adenosine A 2A receptor antagonist SCH 58261 were administered in vivo at doses known to reduce infarct size and compared with the leukotriene biosynthesis inhibitor MK-886. 4 MK-886 (0.3 and 2 mg kg 71 i.v.) and MK-801 (3 mg kg 71 i.p.) decreased cysteinyl-leukotriene levels (778%, P50.05; 7100%, P50.01; 792%, P50.01, respectively) 4 h after permanent occlusion of the middle cerebral artery, whereas SCH 58261 (0.01 mg kg 71 i.v.) had no signi®cant eects. 5 MK-886 (2 mg kg 71 i.v.) was also able to signi®cantly reduce the cortical infarct size by 30% (P50.05). 6 We conclude that cysteinyl-leukotriene formation is associated with NMDA receptor activation, and that it represents a neurotoxic event, the inhibition of which is able to reduce brain infarct area in a focal ischaemic event.
Introduction
Cysteine-containing LTs (cysteinyl-LTs), namely LTC 4 , LTD 4 , LTE 4 are metabolites of arachidonic acid formed through the 5-lipoxygenase (5-LOX) pathway (Samuelsson, 1983) . Cysteinyl-LTs are known mainly for their potent action as constrictors of smooth muscle (Feuerstein, 1985) . However, their pro®le of action is much broader; they possess pro-in¯ammatory characteristics (Hay et al., 1995) and, in particular, they increase postcapillary venule tone and permeability, thus causing oedema (Dahlen et al., 1981) .
Leukotrienes are synthesized in dierent areas of the central nervous system both in vitro and in vivo (DembinskaKiec et al., 1984; Lindgren et al., 1984) . The concentration of free arachidonic acid, which is usually very low in the brain, increases greatly following various stimuli, including ischaemia (Bosisio et al., 1976) . Increased LT formation from brain homogenates has been demonstrated in dierent species where global ischaemia had been induced by bilateral occlusion of common carotid artery, especially after reperfusion (Dempsey et al., 1986a,b; Mabe et al., 1990; Minamisawa et al., 1988; Moskowitz et al., 1984) . In addition, elevated cysteinyl-LT levels have been found in cerebrospinal¯uid of patients within 72 h from acute cerebral ischaemia (Aktan et al., 1991) .
Furthermore, it has been recently suggested that eicosanoids might be associated with neuronal injury after hypoxia or trauma. Indeed, mice de®cient in cytosolic phospholipase A 2 (cPLA 2 ), one of the enzymes responsible for arachidonic acid release, had smaller cerebral infarct volume following transient ischaemia and the excitotoxic aminoacid glutamate enhances PLA 2 activity (Bonventre, 1997) . However, there is only indirect evidence, based on the use of the dual cycloxygenase/lipoxygenase inhibitor BW755C, that lipoxygenase products might be involved in neurotoxicity (Baran et al., 1994; Chen et al., 1995) .
For a better understanding of the involvement of leukotrienes in ischaemic damage and neurotoxicity, we have chosen a rat model of brain ischaemia induced by the permanent occlusion of the middle cerebral artery (pMCAo). This experimental model is relevant to human stroke, as this pathology is most frequently caused by thrombotic occlusion of the same vessel. The histopathological consequence is a necrotic area involving both neurons and glial cells (the infarct core) which develops around the site of occlusion of the MCA. This area is surrounded by the so called penumbra, where a secondary damage develops.
In this model, we examined the eects of two neuroprotectant agents, MK-801 and SCH 58261, on the levels of immunoreactive cysteinyl-LTs (i-cysteinyl-LTs) in vivo. MK-801 is a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist (Wong et al., 1986) and SCH 58261 is a potent and selective adenosine A 2A receptor antagonist (Zocchi et al., 1996) . Both these compounds have been shown to have neuroprotective properties in models of focal cerebral ischaemia (Monopoli et al., 1998; Park et al., 1988) . Finally, we wanted to see if the biosynthesis of i-cysteinyl-LT triggered by cerebral ischaemia is able per se to induce cell death. With this aim we designed experiments with MK-886 (Gillard et al., 1989) , a potent and selective inhibitor of the 5-lipoxygenase (IC 50 : 2.5 nM in isolated human leucocytes), in cerebral ischaemia.
The present study provides the ®rst evidence of neuroprotection obtained by post-ischaemic reduction of leukotriene levels and of the deleterious eects of these lipid mediators, in a model of focal cerebral ischaemia. 
Methods

Materials
Animal housing and surgery
Experiments were conducted in male Sprague-Dawley rats (Charles River, Calco, Como, Italy), weighing 250 ± 275 g. Procedures involving animals and their care were conducted in conformity with the institutional guidelines, in compliance with the European Economic Community Council Directive 86/609 (OJ L 358, 1, December 12, 1987) . The animals were caged for at least 3 days before surgery, with free access to food (until 12 h before surgery) and water, and maintained on a 12 light/12 dark schedule (lights on at 0700 h).
Focal cerebral ischaemia was induced by permanent, unilateral occlusion of the left middle cerebral artery (pMCAo) in rats anaesthetized with chloral hydrate (400 mg kg 71 i.p.). The pMCAo was performed according to methods described elsewhere with minor changes (Shigeno et al., 1985) . Brie¯y, all rats underwent subtemporal subperiosteal craniectomy (with intact zygoma) and exposure of the main trunk of MCA under 166magni®cation of an operating stereomicroscope (M351, Leica Instruments, Nussloch, Germany). The exposed artery was electrocoagulated close to its origin at the junction with the olfactory branch. Each rat was allowed to breath spontaneously and body temperature was maintained at 378C (36.5 ± 37.58C) with a homeothermic heating blanket. All necessary care was taken to perform surgery under sterile conditions.
The experimental groups were: 1. Control rats which have been anaesthetized but not operated (both brain hemispheres) 2. Sham-operated rats which have been anaesthetized and sham-operated (craniectomy and exposure of the main trunk of left MCA).
3. Ischaemic rats which have been anaesthetized and operated (craniectomy and permanent occlusion of the left MCA).
Drug administration
MK-886 was dissolved in a saline solution with 10% DMSO, and administered in the femoral vein at two doses (0.3 mg kg 71 or 2 mg kg
71
). MK-801 was dissolved in a saline solution and given at the dose of 3 mg kg 71 i.p.; SCH58261 was dissolved in saline solution additioned with 10% DMSO and administered i.p. at the dose of 0.01 mg kg
. Rats were given drugs or their vehicle in a volume of 5 ml kg 71 within 10 min after the pMCAo.
Infarct size analysis
Rats were sacri®ced by decapitation 24 h after pMCAo in order to have the ischaemic damage completly developed (Kirino et al., 1988) . The brains were rapidly removed and ®xed in Carnoy (60% EtOH, 30% chloroform, 10% acetic acid glacial). Infarct volume was determined on paranembedded coronal slices (10 mm) stained with cresyl violet to determine the cortical and striatal damage. Sections were sampled at a distance of 1 mm starting from 3.2 mm from bregma, following a rostro-caudal direction, for eight levels. Total brain and infarct areas were measured by using an image analyser (Image-Pro Plus, Media Cybernetics, MD, U.S.A.). The volume of infarction was calculated with trapezoid's estimator of morphometric volume (Rosen & Harry, 1990) and corrected for oedema. The amount of ischaemic damage was expressed in absolute values (mm 3 ). Oedema was evaluated indirectly as percentage increase of the ischaemic hemisphere volume with respect to the control hemisphere, using the following formula: [(V ipsi 7 V contra )/ V ipsi ]6100, where V ipsi =volume of the ipsilateral (ischaemic) hemisphere, V contra =volume of the contralateral (healthy) hemisphere.
LT extraction and analysis
Cerebral tissue Male rats were sacri®ced by decapitation at dierent times (1, 4, 6 and 24 h) after the operation. The head was immediately transferred on ice; brain cortex and hippocampus, both ipsi-and contralateral with respect to the operated hemisphere, were quickly removed, weighed and homogenized in ice-cold absolute EtOH (1 : 3, w v 71 for the cortex; 1 : 9, w v 71 for the hippocampus). In order to have detectable amounts of i-cysteinyl-LTs under all conditions, brain areas from two animals were combined and the samples were centrifuged at 10,0006g for 15 min at 48C. The supernatants were removed and, after addition of 3 H-LTC 4 (50,000 d.p.m./sample) for recovery calculation, they were stored at 7208C until analysis and in any case not longer than 15 days.
For LT analysis, each sample was diluted with Ultrapure H 2 O to obtain a ®nal EtOH concentration of 15% and extracted using a Sep-Pak C18 solid phase cartridge, previously washed with 3 ml MeOH and 3 ml H 2 O. The column was eluted with 3 ml hexane (discarded), then with 1 ml EtOAc to elute LTB 4 and ®nally with 1 ml MeOH to elute cysteinyl-LTs.
MeOH fractions were separately dried and reconstituted in buer (0.1 M K 2 HPO 4 , 0.1 M KH 2 PO 4 , 1.5 mM NaN 3 , 0.4 M NaCl, 1 mM EDTA, 1 g l 71 bovine serum albumin) just before enzyme immunoassay (Pradelles et al., 1985; . Solid phase EIA was performed on 96-well microplates with the Titertek apparatus (Flow Laboratories, Helsinki, Finland), using an antibody with a high (50 ± 90%) crossreactivity between LTC 4 , LTD 4 and LTE 4 , in order to be able to measure all the cysteinyl-LTs (immunoreactive cysteinyl-LTs, i-cysteinyl-LTs). The antibody displayed negligible interaction with the prostanoids and fatty acids (cross-reactivity 50.01 and 0.12%, respectively). The detection limit was 10 ± 15 fmol. The total recovery for cysteinylLTs was approximately 50%.
Samples containing the radioactive standards, but not tissue, were processed in parallel with the others and represent the blank of the procedure.
Lung parenchyma Macroscopically normal human lung tissue was obtained at the time of resection. Tissue fragments of approximately 100 mg each were incubated overnight in gassed Tyrode's buer (mM): NaCl 140, MgCl 2 0.5, KCl 2.7, CaCl 2 1.7, NaH 2 PO 4 0.36, glucose 5, NaHCO 3 12, pH 7.4 at 258C. The next day, the lung fragments were washed and resuspended in Tyrode's buer 1 : 10 w v
71
. After 15 min at 308C, they were treated with either the drugs under study (30 nM SCH 58261, 10 mM MK-801, 1 mM MK-886) or their vehicle; 15 min later, they were challenged with A23187 for 20 min. The tissue was then eliminated and the supernatant was frozen. The samples were analysed for LT content as described above.
Data analysis
LT levels are expressed as fmol g 71 of tissue, mean+s.e. Infarct volume and percentage of infarction are presented as mean+s.e. Statistical evaluation was carried out by analysis of variance, one or two way ANOVA, according to the experimental design. A P value 50.05 was considered to be statistically signi®cant.
Results
Basal levels of i-cysteinyl-LTs in cerebral cortex
In control animals, which had undergone anaesthesia but no surgery, there were detectable levels of i-cysteinyl-LT after 2 h (425+85 fmol g 71 tissue, n=4; Figure 1 ). These levels were not dierent from those in contralateral cortices from both ischaemic and sham-operated animals. The two latter conditions yielded i-cysteinyl-LT levels not signi®cantly dierent from one another at any time up to 24 h after pMCAo; for this reason, such values were pooled at each time point (Figure 1 ) and compared with the levels in ipsilateral cortices from sham-operated animals. As shown in Figure 1 , in the ipsilateral cortices the surgical procedure caused i-cysteinyl-LT levels to be signi®cantly higher (P50.05) than in the contralateral areas at 2 and 4 h after occlusion. Therefore, the values of the ipsilateral cortices of sham-operated animals, which include the basal production, were taken as reference values to evaluate the eect of ischaemia.
Cysteinyl-LT levels after pMCAo
Cysteinyl-LT levels in cerebral cortex following pMCAo were dierent from values obtained in sham-operated animals. Following ischaemia, i-cysteinyl-LT levels peaked at 4 h and at this time point were approximately four times higher than reference values (P50.01) (Figure 2 ). On the contrary, the levels of i-cysteinyl-LTs in the hippocampus, an area which is not involved in ischaemic damage upon pMCAo (Shigeno et al., 1985) , in ischaemic animals (3970+1009 fmol g 71 tissue, n=3) were not signi®cantly dierent from those either in contralateral areas (2006+197 fmol g 71 tissue, n=3) of the same animals or in hippocampi of sham-operated ones (2908+640 fmol g 71 tissue, n=3).
Pharmacological modulation of i-cysteinyl-LT levels after pMCAo
When rats were treated with the NMDA receptor antagonist MK-801 (3 mg kg 71 i.p.) after pMCAo, ischaemia-induced i-cysteinyl-LT increase measured 4 h after the occlusion was reduced by 92.4% (P50.01, Figure 3) . The adenosine A 2A receptor antagonist SCH 58261 (0.01 mg kg 71 i.v.) showed a trend to reduce the increase in i-cysteinyl-LT levels (748%) after ischaemia, but this inhibition did not attain statistical signi®cance. The 5-LOX inhibitor MK-886 at both doses (0.3 Figure 1 Time course of the variation of cysteinyl-LT levels in the contralateral cortices from sham-operated and ischaemic animals and in the ipsilateral cortices from sham-operated animals. Data are means+s.e.mean, n=3 ± 5. (*P50.05 vs contralateral cortices). Statistical analysis was performed by two-way ANOVA followed by Bonferroni's test.
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Leukotrienes in focal cerebral ischaemia P. Ciceri et aland 2 mg kg 71 i.v.) under the same conditions inhibited i-cysteinyl-LT increase by 78% (P50.05) and 100% (P50.01), respectively (Figure 3) . Administration of drug vehicles did not modify i-cysteinyl-LT levels in ischaemic cortices.
In order to evaluate whether MK-801 and SCH 58261 were able to directly inhibit i-cysteinyl-LT formation, we measured the eect of MK-801 (10 mM) and SCH 58261 (30 nM) in comparison to MK-886 (1 mM) in human lung parenchyma, a tissue less rich in both NMDA and adenosine A 2A receptors. The ratio of SCH 58261 or MK-801 concentrations to MK-886 concentration was higher than those used in vivo. In this preparation, the challenge with 10 mM A23187 caused the production of 333+25 fmol mg 71 tissue. Neither MK-801 nor SCH 58261 inhibited i-cysteinyl-LT production signi®-cantly (673+100 and 472+59 fmol mg 71 tissue, respectively), whereas MK-886 induced an almost complete inhibition (37+1 fmol mg 71 tissue, 792%, P50.01).
Effects of the leukotriene synthesis inhibitor MK-886 on infarct size after pMCAo
The permanent occlusion of left MCA resulted in a reproducible ischaemic damage within the territory of the artery, i.e. in the dorsolateral cortex and in the neostriatum, as well as an increase in the volume of the lesioned hemispheres, representing the occurence of oedema. ; (n=10 ± 11)). At the higher dose (2 mg kg 71 i.v.), MK-886 signi®cantly reduced total infarct volume by 25% and cortical infarct volume by 30% (P50.05) ( Figure  4 ), whereas striatal infarct volume was not signi®cantly aected by drug treatment.
On the contrary, MK-886 did not signi®cantly decrease oedema (oedema: vehicle 16%+2.5; MK-886 10%+2), although a tendency toward inhibition was observed.
No changes in physiological parameters, such as mean arterial blood pressure and heart rate, were observed during surgical and pharmacological treatments (data not shown).
Discussion
The present study shows that i-cysteinyl-LT levels are increased in rat brain cortex in a model of permanent focal ischaemia, upon middle cerebral artery occlusion (pMCAo). Previous evidence of increased LT formation in brain ischaemia had been obtained only in models of global ischaemia (Dempsey et al., 1986a,b; Mabe et al., 1990; Minamisawa et al., 1988; Moskowitz et al., 1984) , which, as already mentioned, are not as relevant to human stroke as the focal ischaemia model.
Treatment with the 5-lipoxygenase inhibitor MK-886 (Gillard et al., 1989) signi®cantly inhibited ischaemia-induced Leukotrienes in focal cerebral ischaemia P. Ciceri et ali-cysteinyl-LT formation at both doses tested. In particular, the higher dose (2 mg kg 71 i.v.) completely abolished LT formation. Although no direct data exist on the ability of this drug to cross blood-brain barrier, our results indicate that such passage very likely occurs, at least under conditions where the blood brain barrier is partially altered. The eect of MK-886 was compared with that of the known neuroprotective drugs MK-801, a glutamate NMDA receptor antagonist, and SCH 58261, an adenosine A 2A antagonist, at doses shown to be eective in decreasing the infarct size (Hat®eld et al., 1992; Monopoli et al., 1998) . Unexpectedly, MK-801 signi®cantly decreased i-cysteinyl-LT levels suggesting that stimulation of NMDA receptors leads to activation of 5-LOX in the brain. To our knowledge, this is the ®rst evidence that the glutamate NMDA receptor is associated with the formation of cysteinyl-LTs.
Cerebral ischaemia induced by pMCAo in the rat has gained increasing acceptance as a model of focal infarction in humans (Shigeno et al., 1985; Tamura et al., 1981) . In this ischaemia model, surgery and the subsequent tissue manipulation induces an increase in the levels of the in¯ammatory mediators cysteinyl-LTs, as demonstrated by their levels in sham-operated animals. However, such levels are signi®cantly higher in the ipsilateral cortices of ischaemic rats. This indicates that the ischaemic event per se triggers the formation of a considerable amount of i-cysteinyl-LTs. The reperfusion period following an ischaemic event is considered to be the major player for the in¯ammatory response in the brain infarcted areas. There is evidence that also in pMCAo a strong in¯ammatory reaction occurs, accompanied by cytokine release and in¯ammatory cells in®ltration Liu et al., 1993; Schroeter et al., 1994; Stroemer & Rothwell, 1998 ).
In our model, the i-cysteinyl-LT levels peak at 4 h after pMCAo and rapidly decline thereafter. Such relatively rapid increase in levels suggests that i-cysteinyl-LTs are not formed by in®ltrating cells. Indeed, the in¯ux of monocytes and neutrophils becomes relevant at a much later time Zhang & Chopp, 1997) . It is likely that i-cysteinylLTs are synthesized by resident brain cells, although the precise source has not yet been fully clari®ed. Anterior pituitary cells and astroglial cells in culture are able to form cysteinyl-LTs (Hartung & Toyka, 1987; Kiesel et al., 1991; Petroni et al., 1991; Seregi et al., 1990) and more recently, it has been shown that puri®ed microglial cells are mainly involved, rather than astrocytes (Matsuo et al., 1995) . On the other hand, the release of glutamate following pMCAo peaks much earlier (about 2 h post ischaemia induction) (Matsumoto et al., 1992; Melani et al., 1999) and thus it could be an up-stream event with respect to cysteinyl-LT formation.
Because cysteinyl-LTs are well-known in¯ammatory mediators, able to cause oedema (Bochnowicz & Underwood, 1995; Dahlen et al., 1981; Evans et al., 1989) , the eect of MK-886 on ischaemia-induced oedema was evaluated. However, MK-886 had no eect on ischaemia induced oedema. In a model of global ischaemia, the administration of other 5-LOX inhibitors (nordihydroguaiaretic acid and AA-861) actually reduced oedema to a signi®cant extent (Dempsey et al., 1986a; Mabe et al., 1990; Watanabe & Egawa, 1994) . These ®rst-generation lipoxygenase inhibitors possess also anti-oxidant activity (Steinhilber, 1999) , which might contribute to reduction of oedema independently from 5-LOX inhibition. This does not apply to the more speci®c inhibitors, such as MK-886, which inhibit 5-LOX activity by interacting with FLAP (Five Lipoxygenase Activating Protein) (Dixon et al., 1990) . The use of a dierent inhibitor together with the type of analysis we applied, based on an indirect evaluation of water content, could explain the discrepancy with our results.
Interestingly, MK-886, at the dose of 2 mg kg
71
, signi®-cantly reduced the infarct size in the cerebral cortex (about 30%). Such an eect is comparable with that obtained with the reference compounds MK-801 (739%) and SCH 58261 (730%) in our same laboratories (Monopoli et al., 1998) . Ischaemic damage in striatum was marginally in¯uenced by the administration of the drug. In the core region (caudate putamen and lower frontoparietal somatosensory cortex), where the reduction of blood¯ow is more severe, energy failure occurs rapidly, followed by neuronal death. In surrounding at-risk areas, mainly frontal and parietal cortex, neurones remain viable and may be salvaged by restoration of blood¯ow. The neuroprotective eects of MK-886 was most prominent in these cortical areas.
In our experimental conditions, MK-886-induced neuroprotection was observed only at a dose which inhibited icysteinyl-LT formation completely. This might re¯ect the multifactorial nature of the ischaemic damage, where other mediators besides cysteinyl-LTs, possibly released with a dierent time-course, might play a role. An alternative explanation might reside in the very high potency of these lipid mediators, such that, with a partial inhibition, concentrations high enough to be fully active are mantained, as previously observed with another inhibitor of LT formation, loratadine (Letari et al., 1994) . Accordingly, MK-801, a neuroprotective agent, reduced i-cysteinyl-LT levels more than 90%. To the contrary, SCH 58261 which signi®cantly decreases the infarct size at the same dose tested in the present study (Monopoli et al., 1998) , might act through mechanisms which only partially involve cysteinylLTs. In our experiments it did not lower i-cysteinyl-LT levels signi®cantly.
Although unidenti®ed lipoxygenase products have been suggested to be neurotoxic (Baran et al., 1994; Chen et al., 1995) , this is the ®rst in vivo evidence that cysteinyl-LTs might be involved in the development of ischaemia-induced neurotoxicity, as evaluated by infarct size analysis. Thus, this suggests that anti-LT drugs might have neuroprotective properties.
With regard to neuroprotection, there are some considerations of interest: ®rst, so far all the studies on the inhibition of cerebral leukotriene synthesis had been performed using the global model of cerebral ischaemia and with oedema formation as the only end-point (Mabe et al., 1990) . In addition, a neuroprotective action of 5-LOX inhibitors had been previously shown only in in vitro models of traumatic or hypoxic neuronal injury (Girard et al., 1996; Wallis & Panizzon, 1993) . To our knowledge, this is the ®rst demonstration that the inhibition of leukotriene synthesis is able to decrease the infarct size, although we cannot exclude that, in our model, neuroprotection derives from the reduction of brain oedema (which however did not attain statistical signi®cance), due to lower levels of cysteinil-LT.
Finally, the 5-LOX inhibitor MK-886 provided neuroprotection when administered post-ischaemia and by an acute injection, aspects relevant to possible therapeutic use (Jonas et al., 1997) .
In conclusion, our results suggest that an increase in cysteinyl-LT levels following cerebral ischaemia is mainly associated with the activation of the NMDA receptor by glutamate, although we cannot exclude that other mechanisms, activated by the ischaemic event, such as spreading depression, may be involved in LT production. From these ®ndings, it appears that these lipid mediators may play an important role in development of brain damage. In view of this, potential neuroprotective properties of anti-LT compounds need to be further investigated.
